Computed tomography (CT) plays a pivotal role in the detection, characterization, and staging of lung cancer and other thoracic malignancies. Since the introduction of clinically viable dual-energy CT techniques, substantial evidence has accumulated on the use of this modality for imaging chest malignancies. This article describes the principles of dual-energy CT along with suitable image acquisition, reconstruction, and postprocessing strategies for oncologic applications in the chest. The potential of dual-energy CT techniques for the detection, characterization, staging, and surveillance of chest malignancy, as well as the limitations of this modality are discussed.
Introduction
Lung cancer is one of the most common malignancies worldwide and is the leading cause of cancer death in the United States among both men and women, with an estimated 222,520 new cases and 157,300 deaths every year, which constitutes approximately 28% of all cancer deaths [1] . Despite all efforts, lung cancer remains a challenging disease to effectively identify, diagnose, and treat. Its 5-year survival rate remains similar to that of 15 years ago at 13% for all stages (clinical staging) [2] . Thus, it is imperative to develop new algorithms and techniques for the characterization of lung nodules and staging of lung cancer. Although many imaging techniques, such as computed tomography (CT), magnetic resonance imaging (MRI), and positron emission tomography (PET)/CT, have been used in the detection, characterization, and follow-up of lung cancer, CT remains the mainstay modality in this arena because of its high-resolution anatomic imaging capabilities. However, newer, versatile CT techniques have been described that make use of lesion enhancement to image angiogenesis and other imaging markers of disease activity. Dual-energy CT (DECT) techniques based on either dual-source CT systems or single-source CT with rapid kilovoltage switching, take advantage of the material differentiation of iodine, and simultaneously provide virtual non-contrast mediumenhanced and iodine-enhanced image series from a single contrast-enhanced scan [3, 4] . Although the understanding and usage of DECT in the thoracic oncology realm is at the very early stages, substantial evidence has accumulated on the potential of DECT for imaging a vast variety of chest diseases, including lung nodules and lung cancer. This article reviews the technical principles of DECT along with suitable imaging strategies in the context of chest malignancy as well as the limitations of this modality.
DECT systems
The introduction of dual-source CT in 2005 ushered in the availability of clinically viable, robust and relevant DECT applications. Since then, the clinical use of DECT has been increasing as more and more radiologists become familiar with this technique and its inherent benefits.
Briefly, DECT imaging is based on the differential attenuation of tissues when penetrated with higher (140 kVp) and lower (80/100 kVp) energy photons [5, 6] . The underlying physical principles of DECT imaging have been reviewed in great detail in several other excellent contributions published elsewhere [7, 8] . Currently, clinically available CT systems capable of DECT applications include dual-source, dual-energy CT (dsDECT) and single-source DECT (ssDECT) with fast kVp switching. To date, the majority of clinical experience has been accumulated using dsDECT techniques.
The dual-source CT system is composed of two X-ray tubes and two corresponding detectors (Fig. 1A) . The two acquisition systems are mounted on the rotating gantry with an angular offset of 90 (first generation dual-source CT) or 95
(second generation dual-source CT). For DECT acquisitions, the tube voltage is set at high energy (140 kVp) for one tube and at lower energy (80 or 100 kVp) for the other tube. The tubes rotate simultaneously in a fixed position relative to each other, thus avoiding temporal differences in projection sampling. Because of detector size differences, the fields of view of the tubes are 50 cm and 26 cm (first generation) and 33 cm (second generation), respectively. In second generation dual-source CT scanners, an Sn (tin)-based photon shield filters lower-energy photons from the 140-kVp beam to provide better separation of photon energies between the two X-ray beams, improving the ability of material decomposition [57] . The fast kilovoltage switching technique uses a single X-ray source (Fig. 1B) . A generator rapidly alternates the tube energies from low energy (80 kVp) to high energy (140 kVp) to acquire DECT data with very small temporal differences [5] . In contrast to dsDECT, the field of view of ssDECT is 50 cm for both high-kVp and lowkVp data. Image analysis for ssDECT is performed on projection data, while dsDECT is based in the image domain. However, with ssDECT, the tube current cannot be changed while simultaneously switching the tube potential; thus, automated tube current modulation for reducing radiation exposure is not available with ssDECT techniques [4] . Single-source CT systems with layered detector materials are under development, but are not yet available for routine clinical use. With this approach, the detector comprises two layers, an upper layer that absorbs the lower-energy photons and a lower layer registering the remaining higher-energy emissions. From these two datasets, two separate image series are reconstructed and analyzed [6] . The data acquisition procedure is similar to the standard single-energy CT scan and a full field of view (50 cm) is available. The advantage of this DECT approach is matching temporal and spatial domains for low-energy and high-energy CT data sets; its main limitation is the potential marked spectral overlap between lowenergy and high-energy CT data [4] .
Image reconstruction and postprocessing
Processing of DECT data is done in the image domain or in the data domain. With dsDECT, the raw spiral projection data of both tubes are automatically reconstructed into three separate image series: Selective low-energy (80/ 100 kVp) and high-energy (140 kVp) series, and an average weighted series equivalent to a 120-kVp image acquisition. Images at 80 kVp have higher contrast and improve lesion visualization but are associated with higher image noise, whereas 140-kVp images have lower contrast and noise and contribute finer anatomic detail and edge delineation. At our institutions, we use a low/high kVp linear weighting of 0.3 (i.e., 30% image information from the lower kVp image series and 70% information from the 140-kVp series) to reconstruct average weighted 120-kVp images. However, linear weighting of 0.5 or 0.6 has also been recommended in some published studies [9, 10] . For each image set, we uniformly use a section thickness of 0.75 mm and a reconstruction increment of 0.50 mm at our institutions.
Virtual non-contrast images and iodine images
Using the DECT technique, it is possible to differentiate iodine from other high-attenuation materials by the material decomposition theory to provide material-specific images (virtual non-contrast images and iodine-enhanced images) and energy-specific images (monochromatic images). With dsDECT scanners, virtual non-contrast (VNC) images for oncologic chest applications are preferentially obtained using the lung nodule ( Fig. 2A ) application with the three-material decomposition algorithm [11] . With this application, three image sets can be obtained: one image series displays the Hounsfield unit value due to iodine attenuation (iodine image) (Fig. 2B) ; the other series displays the Hounsfield unit value due to remaining body materials (VNC image) (Fig. 2C ). Fused images display the iodine enhancement overlaying the anatomic image (Fig. 2D ). With ssDECT, two-material decomposition is performed, which uses linear attenuation coefficients [4] . In ssDECT, appropriate base materials, such as iodine and water, should be selected. The iodine/water base material pair is commonly used for 
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abdominal imaging; this generates an iodine density image and a water density image [12] . The water density image does not have any image voxels with attenuation similar to iodine, and hence serves as a virtual unenhanced image [12] . VNC images can provide information equivalent to a true non-contrast medium enhanced image and hence can be used to substitute for a true unenhanced scan, thus reducing the radiation dose to the patient for the whole CT examination [11] . Iodine images or iodine overlay images can be used to measure enhancement within the lesion or target tissue, which is expressed in Hounsfield units (HU) with dsDECT and milligrams per milliliter (mg/ml) with ssDECT.
Monochromatic images
Monochromatic monenergetic images can be generated based on DECT techniques that analyze projection (raw) data and image data. These images are generally called monochromatic images although a more accurate description would be virtual monochromatic images as they are generated by calculating energy-selective monochromatic projections from the dual-energy data and not from a true monochromatic X-ray source [3] . Using projection data, curves of CT numbers of different materials can be displayed over a range of 101 energies (40140 keV) [3] . When using image data, a range of 40190 keV can be used [13] (Fig. 3) . Although monochromatic images can be reconstructed at any keV levels between 40 and 190 keV, images reconstructed between 65 and 75 keV have less noise and a higher contrast-to-noise ratio [3] (Fig. 3) . Potential applications of monochromatic, monenergetic techniques have been reported for the assessment of thyroid nodules, liver lesions, renal stones, and implanted metal devices (to reduce beam hardening artifacts) [35, 1214] .
Characterization of lung nodules
The most common initial manifestation of lung cancer is a solitary pulmonary nodule (SPN) smaller than 3 cm in diameter [15] . Diagnostic evaluation of SPNs is highly relevant because of the frequency and implications of this finding. DECT can simultaneously provide a VNC medium enhanced series and an iodine-enhanced image from a single scan acquisition (Fig. 2C ). This quality has proved useful in the further characterization of SPNs by . Chae et al. [16] evaluated the clinical utility of DECT for the tissue classification of SPNs. This study included 49 patients with a total of 45 nodules, which were confirmed as benign or malignant on the basis of percutaneous needle aspiration histology. The prevalence of malignancy was 55.6% (25 of 45 nodules). CT numbers on virtual non-enhanced and non-enhanced weighted average image series and CT numbers on the iodine-enhanced series as well as the degree of enhancement showed good agreement. On virtual nonenhanced series, 85.0% (17 of 20) of calcifications in SPNs and 97.8% (44 of 45) of calcifications in lymph nodes were detected, and the apparent sizes were smaller than those on the non-enhanced weighted average series. Radiation dose (average dose Â length product, 240.77 mGy cm) was not significantly different from that of single-energy CT (P ¼ 0.67). Diagnostic accuracy for malignancy by using CT numbers on iodine-enhanced image series with a cutoff of 20 HU was comparable 
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with that using the degree of enhancement (sensitivity, 92% and 72%; specificity, 70% and 70%; accuracy, 82.2% and 71.1%, respectively) (Fig. 4) .
Monochromatic monoenergetic imaging may allow characterization of tissues by studying their attenuation to X-rays at consecutive energy levels, which could be advantageous for differentiating tissues that cannot be distinguished with standard CT imaging due to identical attenuation. Thus, this approach may have potential for the differentiation of benign and malignant lung lesions (Fig. 5) . No reports on ssDECT for lung nodule evaluation are available to date, and further studies are warranted to clarify the potential role of monochromatic imaging in the characterization of lung nodules.
Ground-glass opacities (GGO) are hazy lung lesions with increased attenuation, with preservation of bronchial and vascular margins [19] . GGOs of the lung are increasingly detected by CT and can represent lung adenocarcinoma, the predominant type of lung cancer today. Conventionally, GGOs are diagnosed morphologically using non-contrast medium enhanced CT. However, GGOs can result from inflammation, hemorrhage, or fibrosis. Attempts to evaluate contrast enhancement of GGOs may be helpful to further characterize such lesions because pathologic studies [20, 21] showed increased blood vessel density in adenocarcinoma, including bronchioloalveolar carcinoma, and lesion enhancement is assumed to suggest malignancy. Practically, however, evaluating the contrast enhancement of GGOs is challenging. It is difficult to evaluate the contrast enhancement of GGO visually and their inhomogeneity makes it difficult to place a region of interest on precontrast and postcontrast series without misregistration. Kawai et al. [22] evaluated the feasibility of measuring contrast enhancement of GGO lesions by DECT. Their study enrolled 24 patients with pure GGO or GGO-dominant nodules. Of 24 patients, 23 underwent pulmonary resection, and the lesions were pathologically confirmed; 1 patient was diagnosed as having benign inFammatory change because the lesion shrank markedly in a 4-month follow-up period without any treatment. They found increased iodinerelated attenuation in 22 adenocarcinomas but not in pulmonary hemorrhage or inflammatory changes. These authors concluded that DECT may be a useful modality for the characterization of mixed GGO, the type with the highest malignancy rate in this lesion class [23] .
Staging of lung cancer
For the staging of lung cancer, the value of DECT lies in the visualization and characterization of hilar and mediastinal lymph nodes, which is helpful for the N staging of lung cancer. Recently, Ogawa et al. [24] reported that DECT studies acquired 60 s after contrast injection showed excellent vessellymph node contrast on 80-kVp images because of reduced beam hardening artifacts from the contrast material. Lesion enhancement on weighted average 120-kVp images was shown to serve as a substitute for dual phase scan protocols. For more extensive lung tumors, Schmid-Bindert et al. [17] found moderate correlation between the maximum standard uptake value (SUV max ) and the maximum iodine-related attenuation of DECT in all tumors. Analysis of histologic subtypes of lung cancer showed a stronger correlation between SUV max and the maximum iodine-related attenuation in non-small cell lung cancer (NSCLC) than in small cell lung cancer (SCLC), which could be explained by differences in tumor biology such as different angiogenetic features between NSCLC and SCLC. These findings indicate that measurement of the maximum iodinerelated attenuation on DECT may be a useful surrogate parameter for the evaluation of therapy response of lung cancer (Fig. 6 ). However, a lower correlation between SUV max and the maximum iodine-related attenuation in thoracic lymph nodes was noted, possibly because of differences in neoangiogenesis between intrapulmonary tumors and lymph node metastases. The limited accuracy of both imaging tests to differentiate metastatic from reactive inflammatory lymph nodes may be an alternate explanation. Thus, further studies seem warranted to clarify the role of DECT for lymph node staging of lung cancer as there are no established data available that define the role of DECT for this purpose.
Potential future applications in lung cancer
DECT may have potential applications in the pre-and postoperative evaluation of lung cancer. The currently available DECT techniques include iodine-based contrast-enhanced DECT lung perfusion imaging and xenon-enhanced DECT lung ventilation imaging. DECT allows analysis of the regional lung perfusion status by demonstrating iodine concentration in the lung parenchyma and vascular obstruction by visualizing intravascular filling defects, which is helpful in the detection and prognosis of pulmonary embolism [2529] . Accordingly, dsDECT pulmonary angiography has been advocated as a one-stop-shop modality for the acute pulmonary embolism [30] . Xenon-enhanced DECT can be used to map regional lung ventilation function. The atomic number of xenon is 54, which is similar to that of iodine. Thus, this element has X-ray absorption characteristics that resemble those of iodine (i.e., strong attenuation at low kilovoltage) [31] and can thus serve as an inhalation contrast agent for CT ventilation imaging, although this application is not currently approved for clinical use in the United States. With xenon-enhanced DECT, ventilation maps of the lung can be generated to visualize the ventilation function in patients with chronic obstructive pulmonary disease and asthma. Collateral ventilation can also be visualized 
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with dynamic xenon-enhanced DECT in patients with bronchial atresia or obstruction and congenital hyperlucent lung lesions [32, 33] . DECT perfusion and ventilation imaging can be accomplished during the same CT examination, enabling the simultaneous assessment of regional lung perfusion and ventilation from a single scan [34] . In patients with lung cancer, especially central lung cancer, DECT can depict the presence and extent of perfusion (Fig. 7) or ventilation (Fig. 8) defects and collateral ventilation when the mass involves the hilar vessels or bronchi, aiding in the preoperative prediction of postoperative pulmonary perfusion and ventilation function. Preoperative prediction of postoperative pulmonary function is traditionally performed by radionuclide scintigraphy. However, DECT emerges as an attractive onestop-shop modality for imaging lung cancer, including tumor characterization, staging, and prediction of postoperative pulmonary function. The use of DECT could thus obviate the need for radionuclide scintigraphy for the assessment of lobar perfusion or ventilation status before surgery.
Radiation dose
dsDECT is performed with dynamic tube current modulation (CARE Dose4D) to reduce radiation dose. Thus, dsDECT is radiation-dose neutral compared with similar protocol studies performed with traditional single-energy multidetector-row CT (MDCT) because each tube delivers approximately half of the total radiation dose [18] . This was demonstrated by Chae et al. [16] , who showed that the radiation dose of DECT covering the full thorax (240.77 AE 37.18 mGy cm) is similar to that of singleenergy MDCT (235.38 AE 35.40 mGy cm) or dualsource CT in single-energy mode (233.13 AE 67.36 mGy cm). Pontana et al. [35] reported a mean dose Â length product of dsDECT-based CT pulmonary angiography of 280 mGy cm, corresponding to an average effective patient dose of about 5 mSv. We previously showed that the effective radiation dose from dsDECT-based CT pulmonary angiography ranged from 1.1 to 7.1 mSv (mean 2.3 AE 1.1 mSv) in the pediatric population [36] , which is comparable with that (25 mSv) reported by Victoria et al. [37] and lower than that (average 10.5 mSv; range 2.326 mSv) reported by Kritsaneepaiboon et al. [38] using single-source, single-energy MDCT pulmonary angiography. Conversely, the radiation dose with ssDECT imaging has been reported to be higher than that of single-energy MDCT, which is attributed to the lack of tube current modulation because of the inability to change the tube current while simultaneously switching the tube potential with ssDECT imaging.
In a routine clinical work Fow, however, the ability to derive virtual non-enhanced images based on DECT scanning may replace the additional non-enhanced CT scan, thus reducing the radiation dose to the patient. In addition, the substantial incremental diagnostic gain by use of DECT for lung examinations may obviate the need for additional clinical tests that involve radiation, thus reducing the net exposure of the individual patient.
Use of DECT for extrathoracic applications
A wide variety of extrathoracic DECT applications have been reported, especially in the abdomen. For instance, DECT has been used to analyze renal stone composition [4] , obtain vitrtually non-enhanced CT images [35, 11] in lieu of additional true non-contrast acquisitions, and to characterize renal masses [35] . In addition, the use of DECT has been reported for evaluating ischemic heart disease [39, 40] and the detection of intracranial hemorrhage [41] . Figure 7 Blood pool defect in a pulmonary blood volume map caused by lung carcinoma in a 70-year-old man. Dualsource CT-based DECT pulmonary blood pool study. (A) Axial and (B) coronal fused images show a right lung carcinoma invading the hilar vasculature (arrow), resulting in diffuse decreased blood distribution within the right lung.
Limitations
DECT provides useful information for lung nodule characterization, lung cancer staging, and preoperative assessment of postoperative lung function by material decomposition. However, these techniques have not been widely used to date in clinical practice as a mainstream oncology application. Some limitations of this technique need to be fully recognized in order to exhaust the full potential of this modality for routine clinical applications. First, DECT technology is still in its infancy, and many domains remain in various stages of development and refinement. Thus, further efforts are needed to firmly establish DECT as the default technique for CT image acquisition. Second, the use of DECT is limited in morbidly obese patients because of high image noise often interfering with structural and functional image analysis. Third, the image noise of a virtual nonenhanced image is one of the inherent limitations of DECT so that tiny calcifications can be missed. Fourth, larger image datasets with DECT (80/100 kVp, 140 kVp, and average weighted virtual 120 kVp and related material-and energy-specific images) require increased data storage capabilities and appropriate adjustment of clinical workflows.
Conclusions
DECT can provide helpful information for the characterization and staging of thoracic malignancy by quantitatively measuring iodine enhancement on iodine maps or monochromatic imaging. DECT techniques, such as DECT perfusion and ventilation imaging can provide regional lung perfusion and ventilation status and aid in the preoperative prediction of postoperative pulmonary function. Most available data suggest that DECT techniques are radiation-dose neutral compared with conventional single-energy CT examinations. If VNC images from DECT acquisition are routinely used, radiation dose will be further reduced by obviating the need for routine non-contrast scans. More importantly, the substantial incremental diagnostic gain by use of DECT for lung examinations may obviate the need for additional clinical tests that involve radiation, thus reducing the net exposure of the individual patient. 
